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1. Introduction

DNA was first discovered as the carrier of genetic information for the majority of the known
living organisms, encoding the secret of life. Its delicate design based upon double helical
structure and base pairing offers a stable and reliable media for storing hereditary codes,
laying the foundation for the central dogma (Watson et al. 2003). The impact of this
molecule is far reaching into scientific community and our society, as manifested in many
fields, for instance, forensics (Budowle et al. 2003), besides medicine.

To date, a great deal of research effort has been directed towards understanding DNA’s role
in maintenance and expression of genome, and in the application of this understanding to
biology and medicine, which is partly fueled by the market needs (e.g., DNA sequencer
equipment market alone is expected to reach $450 million by 2010 (Saeks 2007)). For reviews
on the development in this area, especially using DNA or RNA per se as therapeutic
reagents in applications such as gene therapies, one is referred to a large number of reports
(Blagbrough & Zara 2009, Cao et al. 2010, Patil et al. 2005, Ritter 2009). While this remains
the center of the attention with the emergence of new subjects of knowledge including
genetics and genomics, recent decades have witnessed increased interest in using DNA as
structural components or guiding tools (LaBean & Li 2007) in developing novel materials
thanks to DNA’s many unique features. Among these features are its molecular recognition
with only four bases (specificity and simplicity), stable structure held by stacking H-bonds
and other weak forces and interactions (stability), and the ease in breaking of base-pairs and
thus separating strands allowing modification different than covalent-bond based structures
(reversibility and flexibility).

These attributes of DNA give rise to many favorable properties of DNA based macro-
materials that are having and will have a wide range of applications. In synthesizing and
constructing these DNA based structures, DNA has been used to provide template (e.g.,
(Aldaye et al. 2008, Niemeyer 2000)), serve as building block (e.g., (Ball 2005)), function as
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versatile linkages in the network (e.g., (Lin et al. 2004b, Um et al. 2006b)), and aid in the
fabrication of the nano-, micro-, and macro-materials (e.g., (Alemdaroglu et al. 2008)). This is
also of interest to the community of synthetic chemistry (Alemdaroglu & Herrmann 2007).
The scope of the current and potential applications of DNA based materials ranges from
DNA based electronics (Berashevich & Chakraborty 2008) and computing (Deaton et al.
1998) to novel material design (Dong Liu et al. 2007, Um et al. 2006a). The similar interest in
using other three major types of macromolecules, namely, protein, lipids, carbonhydrates, as
structural component for synthetic materials is also increasing (Ball 2005). For reviews in
this regard particularly those on DNA based nanomaterials, readers are referred to the latest
and comprehensive reviews by Seeman (Seeman 2007), Lu (Lu & Liu 2006, Lu & Liu 2007)
and others (Alemdaroglu et al. 2008, Ball 2005, Condon 2006, Mrksich 2005, Niemeyer 2000).
The focus of this review is the macroscopic materials designed, synthesized, and applied
based on or inspired by DNA and the application of these materials specifically for biology
and medicine.

Changes in the nanoscale structures can trigger macroscopic changes in the materials
(Schneider & Strongin 2009). For these macro-materials, incorporation of DNA into the
structural design confers a number of possibilities that would otherwise not be feasible. For
instance, DNA imparts temperature dependent mechanical properties to structures
crosslinked by them (Lin et al. 2004b), and unique aptamer interactions make possible phase
transition at room temperature (Yang et al. 2008). For these materials, variation at nano-scale
DNA structures can lead to sometimes dramatic changes in the bulk material properties,
exemplifying ‘little trigger” for ‘big changes’. Among these DNA based macro-materials, of
particular interest are a class of polymeric hydrogel materials, with the ever-increasing
significance and promises along with the rapid development in the area of tissue engineering
and biomaterials (Jiang et al. 2008b, Jiang et al. 2010c, Lin et al. 2006, Lin 2005, Lin et al. 2004b,
Luo 2003, Um et al. 2006b). Additionally, mimicking in vivo tissue remodeling and property
dynamics is of great importance in the reconstruction of the physiological conditions for cell
growth and tissue repair, and DNA based macro-materials help contribute to address the issue
thanks to modifications and alterations of the DNA based structures (Jiang et al. 2010b, Jiang et
al. 2010c). Therefore, the review first sought to identify the key properties that are directly
related to the design and synthesis of DNA based macro-materials and further recognizes the
unique properties that result from incorporation of DNA in the structures of macroscopic
materials. We then classified these DNA based macro-materials based upon the structural
designs (i.e., DNA only, DNA as backbone, and DNA as crosslinker), and surveyed the current
studies and potential application for each category of the materials from the literature. To aid
in the further development of DNA based macro-materials, we summarized the key design
parameters, considerations and major challenges. Lastly, we presented a conjecture on the
potential directions.

2. Properties of DNA and DNA based structures

2.1 Properties of DNA

The properties of DNA can be classified in mainly three different levels: the sequence, the
structure, and the folding pathway (Condon 2006). The composition or the sequence of
DNA based on only four nucleotides, namely adenine (A), thymine (T), guanine (G), and
cytosine (C), lays the basis for the primary structure, which also largely determines the
secondary and tertiary structures of DNA. The complementarity underlying Watson-Crick
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base-pairing of A:T and G:C and the stacking forces leads to the classical double helical
structure as well as other forms of secondary DNA structures (e.g., A and Z form of DNA).
Watson-Crick base-paring is intricately orchestrated by a number of week forces, including
hydrogen bonding, m-stacking, electrostatic forces, and hydrophobic effect (Aldaye et al.
2008). It also offers foundation for molecular recognition of DNA. Double stranded DNA is
capable of self-folding into complex structures, enabling it to locomote and respond to the
environment (Condon 2006). These three levels of structures give rise to some interesting
and useful features or attributes.

2.1.1 Chemical properties

DNA is a water-soluble macromolecule, and synthetic DNA displayed good
biocompatibility (Um et al. 2006b). It is generally stable under physiological conditions, but
can be hydrolyzed by acid and alkali when pH changes. At the same time, DNA is a highly
charged polymer mostly due to the phosphate group in the nucleotides. The flexibility of
single-stranded DNA (ssDNA) and the relatively weak bonding between base pairs of
duplex DNA allows interacting DNA strands to seek thermodynamically favored
configurations, making possible programmed self assembly of complex structures
(SantaLucia & Hicks 2004). G:C base-pair is more stable than A:C one due to the stronger
hydrogen bond present, thus GC content markedly influence DNA properties.

2.1.2 Cleavage

DNA can be cleaved primarily based on three ways: hydrolysis, photochemistry and
oxidative reactions (Biggins et al. 2006). In the natural living systems, hydrolysis is the
primary mechanism. These mechanisms allow for different approaches in degradation of the
DNA based materials or ways of protecting these materials from attacks. For example, in
designing DNA only or DNA crosslinked macro-materials, the sequence of the DNA can be
chosen in a way that it would be protected under physiological conditions while degraded
upon pathological cues (e.g., bio-metal concentration (Jain et al. 1996)) releasing
encapsulated therapeutic agents.

2.1.3 Enzymatic modification

DNA is susceptible to modification including cleavage and chemical deletion or addition by
a large number of enzymes. Nature has created a rather delicate and precise machinery to
manipulate, such as cutting, ligating, unwinding, folding, synthesizing, initiating,
modifying, and deleting, DNA in vivo(Braun & Keren 2004, Watson et al. 2003). Many of the
enzymes involved in the process have been identified, namely, restriction enzymes, ligase,
helicase, gyrase, polymerase, primase, proofreading exonuclease, and a host of other
enzymes.

2.1.4 Physical properties

Double stranded DNA is semi-flexible and can possess high rigidity. Upon based pairing,
and DNA strands can be straightened, which underlying the design of a nano-actuator
(Simmel & Yurke 2001) (Figure 1). Previous studies on DNA mechanics suggest that DNA
strands can be considered as rigid rods with tensile modulus of hundreds of MPa (Smith et
al. 1996) when the force applied is below certain threshold, and this leads to a smaller
possibility of stretching DNA longitudinally.. Meanwhile, the energy to bend a DNA strand
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is inversely correlated to its length (Bustamante et al. 2003). It is emphasized here that as the
earlier work pointed out, the physical properties of DNA are closely tied to its biological
functions (Vologodskii & Cozzarelli 1994).
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Fig. 1. Schematic of a DNA- based actuator and application to a DNA crosslinked macro-
material. (A) In the nano-scale structure, at ‘Relaxed’ state, double-stranded (ds-) DNA is
held by a single stranded (ss-) DNA, forming a loop structure. Upon the delivery of fuel
strand (F) which base-pair with the ssDNA portion of the loop straightens the loop. With the
introduction of the complementary of F, or F ,the fuel strand is displaced, resulting in
restoration of the relaxed stated of the loop. Extracted from (Simmel & Yurke 2001), with
publisher’s permission. (B) Incorporation of this nano-structure to the formation of a
polymer gel. (Ba) Initially, both the crosslinks and polymer chains are slack. (Bb) As the fuel
strand hybridizes with the motor domain, the crosslink stiffens and compressive forces are
generated, in turn tensing the polymer chains. (Bc) The removal strand hybridizes with the
fuel strand at the toehold region. (Bd) Once the removal and fuel strands are fully
hybridized, the gel reverts to its initial state. Extracted from (Lin et al. 2006), with
publisher’s permission.
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2.1.5 Denaturing/Re-annealing

Upon being heated above its melting temperature (Tn,), duplex DNA will separate into
complimentary strands of ssDNA since the hydrogen bonds between the two strands and
other stabilizing forces in the duplex can not withstand the separating forces. Once this
occurs, DNA is called being degraded, denatured, or melted, and this process can be
reversed if the melted DNA is cooled slowly, for which the term ‘re-association’, ‘re-
naturation’, or ‘re-annealing’ is used (Bart Haegeman 2008, Dhillon et al. 1980, Li et al.
2001, Smith et al. 1975). Four major factors dictate the rate of re-association: temperature,
salt concentration, DNA concentration, and the length of DNA strand (Li et al. 2001). The
optimal re-association temperature is approximately 20°C below melting temperature,
and the presence of adequate amount of cations is necessary for re-annealing (Li et al.
2001). In this regard, the lack of proper re-associate conditions leads to the non-reversible
change in the materials properties, such as that of EGDE crosslinked DNA gels (Topuz &
Okay 2008).

Besides the aforementioned properties that are most relevant to the derivation of DNA
based materials for biological application, DNA also possesses a multitude of other
properties, including electronic and magnetic ones, that are attractive for applications
including DNA based molecular electronics (Berashevich & Chakraborty 2008).

2.1.6 Self-assembly in DNA hydrogels

The remarkable molecular recognition capabilities of DNA make it a promising candidate
for development of materials with highly complex structures (Chhabra et al. 2010, Um et
al. 2006a). Xing at el. reported synthesis of pure DNA hydrogels, based on self-assembled
DNA building blocks with more than two branches. These DNA hydrogels showed
thermal and enzymatic responsive properties (Xing et al. 2011). DNA can also be
covalently grafted onto synthetic polymers and serve as a cross-linker (Alemdaroglu &
Herrmann 2007). The recognition of complementary DNA strands leads to cross-linking of
polymer chains and causes hydrogel formation. Zhang et al. reported DNA hydrogels
based on N-(fluorenyl-9-methoxycarbonyl)-D-Ala-D-Ala as the cross-linker, which
exhibited gel-sol transition upon binding to its ligand (Zhang et al. 2003). Kang et al.
developed a photo-responsive DNA-cross-linked hydrogel that exhibited sol-gel
transition on exposure to different wavelengths of light. Specifically, photosensitive
azobenzene moieties were incorporated into DNA strands, such that their hybridization to
complementary DNAs responded differently to different wavelengths of light (Kang et al.
2011). They also showed the capability of such photo-responsive gels by controlling
encapsulation and release of multiple drugs. Jiang et al. designed and developed DNA-
polyacrylamide hydrogels based biomaterials, which exhibited the ability to increase and
decrease its stiffness in-situ, depending on the DNA cross-linker (Jiang et al. 2008a, Jiang
et al. 2010a, Jiang et al. 2010c).

2.2 Properties of DNA based macromaterials

DNA has also proven to be a useful material to give bulk materials added functionality. This
is exemplified in the introduction of DNA nanostructures to the design of DNA based
macromaterials (Figure 1) While we will discuss the classification of the DNA based macro-
material in depth in the next section, here we survey the new and added functionality that
are reported.
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2.2.1 Adhesivity
The adhesive properties or the DNA based macromaterials are of significance when they

are to be used for applications such as tissue repairs or wound healing where most cells in
contact are anchorage-dependent. In a DNA crosslinked hydrogel material, it has been
established that with the varying length of DNA crosslinker and different crosslink
density, the surface ligand density is not noticeably modified (Jiang et al. 2008b).

2.2.2 Swelling
DNA based macromaterials particularly hydrogel, similar to other hydrogels, can swell

in the aqueous conditions, which will be encountered in the in vivo applications. In a
DNA-only gel system, it has been observed that in de-ionized water the gel can swell to
over 6 times by volume (fiber length) (Lee et al. 2008). Up to one fold increase in weight
has been observed for a DNA gel where dsDNA or ssDNA interacts with a cationic
surfactant, CTAB (cetyltrimetrylammonium bromide), after swelling (Moran et al. 2007),
which is in contrast to the case where proteins (e.g., lysozyme) replace CTAB. For a DNA
crosslinked hydrogel, the observed swelling ratio reaches up to 4 times in volume
(unpublished data).

2.2.3 Pore structure

In designing bio-scaffolds for tissue engineering applications, the size and range of the
pores in the hydrogels is one of the most critical issues. Early investigation has primarily
determined the range of pore size from ~20 um to 100 um suitable for cell growth and
functioning (Chevalier et al. 2008), while in the drug delivery applications, pore size
affects the size of the drug the delivery vehicle is capable of carrying and releasing (Lin &
Metters 2006). Um and colleagues devised a hydrogel material based purely on DNA
strands for cell encapsulation and reported survival and growth cell of CHO cells inside
the hydrogel days after the culture. Aiming at the potential drug delivery applications,
Liedl and coworkers examined a DNA crosslinked hydrogel and inferred the pore size
from experimental investigation by using quantum dots (QDs) (Liedl et al. 2007).
Interestingly, although the pore size of this hydrogel was found to be ~100 um,
nanoparticles of 10 nm range can still be trapped. In this hydrogel, the pore structure
depends on the length of the crosslinker, the nature of the polymer and interactions
between the two. It is noted that in addition to the pore size/distribution and porosity
that are generally of concern, pore interconnectivity, shape and uniformity are also of
great significance in certain applications (Li et al. 2003).

2.2.4 Sol-gel transition

For DNA based macromaterials, particularly polymeric hydrogel material, gelation point
exists between the solid and gel phases. For DNA crosslinked hydrogel, it is a function of
crosslinking density, monomer concentration, and crosslinker length (Jiang et al. 2008a, Wei
et al. 2008). At a pre-determined crosslinker length and monomer concentration, raising
crosslinking density results in sol-gel transition, as reflected in high viscosity (Lin et al.
2004b) (Figure 2) also observed in other studies (Li et al. 2005). For DNA gels based on
crosslinked DNA network (e.g., by EGDE) discontinuous phase transition has been reported
(Amiya & Tanaka 1987, Topuz & Okay 2008).
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Fig. 2. Mechanical properties of DNA based macro-materials. (A) Rhelogy of DNA gels
prepared from Y-shaped DNA at pH5.0. Dependence of storage (G’, solid line) and loss (G”,

dashed line) modulus on the concentration of the Y-shaped DNA unit (A1) at 25°C and on

the temperature at the concentration of 0.60 mM of Y-shaped DNA unit (A2). Extracted from
(Cheng et al. 2009). (B) Changes in viscosity of DNA gels of Design B with respect to the

temperature at various levels of crosslinking (only show 0%, 14%, 27%, 30% and 100% for
clarity) (B1) and changes in mechanical stiffness (modulus, E) with respect to the level of

crosslinking for a DNA-crosslinked hydrogels of two designs (A) and (B) (Jiang et al. 2008b)
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(B2). Open symbols and solid line represent stiffnesses of DNA gels of Design A (20/20/40
for length of SA1/SA2/L2) (extracted from (Lin et al. 2004b)) and solid symbols and dotted
line represent stiffnesses of DNA gels of Design B (10/10/20). Note that at 37°C, the DNA
gels are effectively solid. (C) Rhelogy of DNA solutions or gels with EGDE crosslinking
(A0%; O1.0%; ¥2.5%) during heating-cooling cycles. w=1 Hz, strain is 0.01. Extracted from
(Topuz & Okay 2008). Both images with publisher’s permission.

2.2.5 Reversibility

As pointed in the previous section, DNA can be thermally degraded, and naturally bulk
material based on DNA could experience property change along with DNA denaturing.
Upon slow cooling and other proper conditions, DNA can re-anneal restoring the macro-
material. For DNA crosslinked hydrogel, it is also possible to realize the reversible property
change by introducing carefully design DNA strand bypassing the need of applying
environmental stimuli such as light, pressure or temperature (Jiang et al. 2010b, Lied] et al.
2007, Lin et al. 2006). The key to this feature is branch migration based strand displacement
(Lin et al. 2006) where a sticky end at the periphery of the DNA strands is necessary.
Typically, the hybridization reaction occurs between two complementary DNA strands, and
is affected by temperature and strand length. The process has a low rate constant several
orders of magnitude less than the hybridization reaction (Reynaldo et al. 2000), and by
designing a toehold, the process can increase dramatically (Yurke & Mills 2003). Yurke and
Mills have determined that for a toehold length of eight bases, the exchange rate increases
by six orders of magnitude (Yurke & Mills 2003). Branch migration takes place when a
single-stranded DNA (ssDNA) competitively hybridizes with one strand of the DNA duplex
starting at the sticky ends (or ‘toehold’), and extends the hybridization until that strand is
displaced entirely from the original DNA duplex (Watson et al. 2003). (Figure 1B)
Essentially, since this strand has more complementary base pairs with the targeted ssDNA
than do the side chains, generation of the doubled-stranded product is energetically
favorable (Yurke & Mills 2003).

Consequently, the absence/presence of sticky ends offers off/on switch for the reversibility
of gelation or possibility of structural modification with crosslinking density change. This
special feature has fueled the interest in its drug delivery application (Liedl et al. 2007, Wei
et al. 2008).

2.2.6 Mechanical properties

Mechanical properties including moduli have been investigated for various DNA based
macromaterials (Figure 2). DNA crosslinked hydrogels display temperature and
crosslinking density dependent viscosity, mechanical property and gelation point (Figure
2B) (Jiang et al. 2008a, Lin et al. 2004a). Chippada and colleagues developed formulation
based on non-spherical inclusions, and made possible the probe of heterogeneity (variation
with respect to. location) and anisotropy (difference with respect to direction) in the
materials commonly seen in biological tissues (Chippada et al. 2009a, Chippada et al. 2009b).
Other investigator used rheology and other techniques in mechanical characterization
(Topuz & Okay 2008).

Increase in crosslinking density, microscopically straightens the single-stranded DNA
side chain, and stiffens the micro-structure. Macroscopically, it is reflected in the increase
in mechanical stiffness. The rigid dsDNA provides resistance also to compression,
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contributing to the creation of artificial tensegrity (Ghosh & Ingber 2007, Ingber 2006, Liu
et al. 2004).

2.3 Approaches in characterization of DNA based macro-materials

Owning to the unique features from DNA, special considerations have to be taken in
characterization of the DNA based macro-materials, which poses challenges and stimulated
novel ways of probing.

2.3.1 DNA incorporation

Incorporation of the delivered DNA can be assessed indirectly by probing the residual DNA
concentration where direct assessment is difficult, if not impossible (Jiang et al. 2010c). In
this approach, a DNA strand with non-specific sequence was also included as a negative
control to show that the only DNA strands with specific sequence can base-pair with the
available DNA side chains on the polymer, and were truly incorporated into the network
rather than pure diffusion. Additionally, in measuring DNA concentration, the differential
in UV absorbance between ds- and ss-DNA can be used for the detection of crosslinking or
de-crosslinking (see, for example, (Cheng et al. 2009, Topuz & Okay 2008)).

2.3.2 Mechanical properties

To investigate mechanical properties of the DNA based materials, a number of methods has
been developed (Chippada et al. 2009a, Lin et al. 2004b, Topuz & Okay 2008). Lin and
colleagues developed an inclusion based formulation to address the issue of limited
availability of samples, sample preparation and intrusiveness associated with conventional
testing apparatus (e.g. Instron, or dynamic mechanical analysis (Um et al. 2006b)) for these
materials (Lin 2005, Lin et al. 2004b). Recently, along this line of work, nanoscale rods were
deployed and new formation has been developed to assess the inhomogeneity and
anisotropy of the hydrogel materials (Chippada et al. 2009a). Mechanical properties
including stiffness can be used to infer the structure of the DNA based macro-structures. For
instance, for a DNA crosslinked polyacrylamide hydrogel, the crosslinking density of DNA
crosslinked hydrogel has been correlated to its mechanical stiffness for a specific crosslinker
design, thus the choice of crosslinking density can be made aiming at specific mechanical
stiffness range (Jiang et al. 2008b, Lin et al. 2004b).. Moreover, drastic change in the viscosity
or rheology has been used as indicator as watershed between sol and gel-states

2.3.3 State of DNA strands

Fluorophore attached DNA strands have been previously deployed to examined the
dynamics of DNA base-pairing. The mechanism behind this approach is that the distance
change between two dyes, or fluorophore/quencher, can be probed by various techniques
including FRET (Fluorescence resonance energy transfer), which indicates the state (e.g.,
bent or straightened) of the DNA strands (Simmel & Yurke 2001). Atomic force microscopy
(AFM) is a powerful tool capable of resolving nano-scale features, and has been used to
probe the DNA based structures (e.g., (Liu et al. 2004)) with limitations in resolution (a few
nm) (Um et al. 2006b). Optical properties can also be used to monitor the state change (e.g.,
DNA binding to cations, DNA packing or denaturation) based on drug-hydrogel
interactions by using circular dichroism (CD) along with other techniques such as polarized
Raman spectroscopy(Lee et al. 2008, Tang et al. 2009).
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3. Current DNA based macro-materials and applications in biology and
medicine

Seeman and colleagues pioneered the work employing DNA as a structural material in
creating nanodevices (Seeman 1981, Seeman 1982), and reported designs of nano-scale
structures such as rings(Mao et al. 1997), cubes(Chen & Seeman 1991), and octahedral
(Zhang & Seeman 1994). More investigators joined the effort stimulating the emergence of
structural DNA nanotechnology (Douglas et al. 2009, Rothemund 2006, Seeman 2007, Yurke
et al. 2000), particularly aptamers, DNAzymes, and molecular beacon (Condon 2006, Lu &
Liu 2006, Wang et al. 2009).

Of particular interest is the fact that a number of the designed structures inspired by DNA
offer a large variety of design parameters (e.g., sequence and DNA-protein interactions) to
the nanotechnology engineers. When they are incorporated as part of the macrostructures
such as a hydrogel network, by changing the design parameters at the nanoscale DNA
structures, dramatic physical and chemical properties changes can be achieved at macro-
level. Some of these properties and functionalities are highly desirable in biology and
medicine. Moreover, due to the unique properties of DNA, in situ modifications of nano-
level structures become possible, which often result in the dynamic properties of macro-
level materials thus supply dynamic cues in biological applications. Furthermore, in
realizing these changes, a great number of physical, chemical and biological stimuli can be
employed together (Lu & Liu 2007), offering augmented flexibility in designs.

Owing to DNA’s water solubility and the resemblance to the physiological environment, DNA
based macro-materials particularly hydrogels is stimulating ever-increasing interest.
Hydrogels are a class of hydrophilic polymers that possess both solid- and liquid-like
properties, and they typically consist of an insoluble network of crosslinked polymer chains
immersed in solvent. They have attracted great interest and have become ever-increasingly
popular for many applications, including biomedical ones. Due to its hydrated nature, a
hydrogel can better mimic the properties of the natural tissues and neural micro-environment
that cells reside in. This has fueled the interest and development of hydrogels-based tissue
engineering scaffolds. In addition, hydrogels generally respond to the environmental factors
such as temperature and pH, and thus are among the candidates for the development of drug
delivery systems. Based on the types of crosslinker, hydrogels can be categorized into two
classes; gels with covalent junctions and gels with physical junctions (weak forces, physical
entanglement or others), or more simply stated, chemical and physical gels. Natural polymers
are synthesized by living organisms mostly through enzymatic processes, while synthetic
polymers generally involve either condensation or addition approaches. Crosslinking yields a
polymer network where polymer chains are inter-connected.

Along this line, a number of DNA based hydrogel materials have been devised and
characterized, among which are those consist solely of DNA strands (Cheng et al. 2009,
Mason et al. 1998, Um et al. 2006b), those with polymer backbone and DNA crosslinkers
(Lin et al. 2004b, Nagahara & Matsuda 1996), and those with DNA as polymer backbone
connected via physical or chemical bonds (Topuz & Okay 2008), where DNA “nanoswitch’
impart the hydrogel materials desired functionality and properties (Figure 3).

3.1 DNA based macro-materials
The majority of the DNA based macromaterials fall in the following three categories (Table
1) and examples of these materials are shown in Figure 3.
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Fig. 3. Examples of DNA based macromaterials. (A) A DNA-only hydrogel: the schematic of
the DNA structures (A1) and a prepared DNA gel (A2). Extracted from (Um et al. 2006b).
(B) A EGDE crosslinked DNA gel (DNA as backbone): the schematic of the crosslinked
structure (B1) with short thick black stick indicating EGDE bond and thin black stick
indicating hydrogen bond (extracted from (Topuz & Okay 2008)) and resulting gels with
varying EGDE content (B2) (extracted from (Topuz & Okay 2009)). (C) DNA crosslinked
polyacrylamide hydrogel: the schematic showing the difference between DNA- and bis-
crosslinked hydrogels (C1) (extracted from (Jiang et al. 2008b)) and a prepared gel (C2) in a
well of a 24-well plate. All images with permission from publishers.

3.1.1 DNA-only network

The aqueous solution of DNA strands (~ 2,000 bps in length) can be viscous at high
concentration before the critical overlap concentration is reached. Beyond this critical
concentration, a weak gel can be formed due to the overlapping and entanglement of the
DNA strands (Mason et al. 1998, Topuz & Okay 2008). Since the gelation point is reached
based upon physical interactions rather than chemical bonds, this hydrogel is termed
‘physical gel’ (Mason et al. 1998, Topuz & Okay 2008). Though this approach has its
advantages in the availability of the natural long double stranded DNA, the lack of
controllability and stability limits their further application. Moreover, based on electrostatic
interactions, by introducing hydrophilic ionic liquids, DNA hydrogel fibers have also been
made (Lee et al. 2008). In this gel system, DNA strands compact into supercoils and bundle
up forming aggregates, and give rise to new material properties such as stability and
resistance to DNase digestion.

Luo group at Cornell University developed a hydrogel based entirely on DNA strand base
pairing (Figure 3A). The synthesis involves two major steps: first, branched three- or four-
armed ‘X', “Y’, and “T"-shaped DNA structures were synthesized from single-stranded DNA
with partial complementarity based on DNA self-assembly; the sequence of the DNA
strands were chosen and sticky ends were included such that it is available for enzymatic
action; next, ligase, an enzyme capable of ligating DNA strands were deployed to connect
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the building blocks produced from the first step, thus forming a crosslinked DNA polymer
network. The resulting hydrogel has been shown to have swelling and mechanical
properties that are dependent on the initial concentration and the forms of DNA building
blocks, and biodegradability determined also by the building blocks (Um et al. 2006b). The
potential of applying this hydrogel for drug delivery application has also been
demonstrated. Very recently, this group also reported that by incorporating linear plasmids
into polymer network, this hydrogel is capable of generating natural proteins under cell-free
conditions (Park et al. 2009).

By using the similar Y-shaped DNA building blocks, but a different mechanism to connect
these building blocks, Cheng group also put forth a hydrogel design based entirely on DNA
nanostructures (Cheng et al. 2009). Different than the approach by Luo and colleagues,
enzymes are not needed in the synthesis. Rather, the sequence of DNA strands are designed
that it contains C-rich domain to take advantage of the triple hydrogen bond formation
which results in a crosslinker between two DNA building blocks. Because the formation of
such crosslinkers is pH dependent, the resulting macroscopic hydrogel can be formed only
at suitable pH and hence responsive to pH changes. This feature allows for a new scheme
for drug delivery based on pH, which hold promises in cancer therapies particularly those
associated with local pH changes. It is worthwhile noting that in these studies, relatively
short synthetic single-stranded DNA is required and that the quantity of the samples is still
limited (~20 uL) primarily due to the limited availability and cost in synthesis.

3.1.2 DNA as backbone

While DNA strands can be connected via enzymatic actions or base interactions where no
other chemical entity is involved, they also can be crosslinked by other molecules via either
physical or chemical interactions. In these materials, DNA constitutes the polymer
backbone. As an example, physical DNA gels have been developed based on the
interactions between DNA strands and sulfonium precursor of poly-phenylenevinylene (SP-
PPV) (Tang et al. 2009). Positively charged SP-PPV resulting from polymerization at alkaline
solution contributes to the hydrogel formation based on DNA/SP-PPV hybrids due to
electrostatic interactions. This gel system has demonstrated interesting stability and
resistance to heat or DNase attack, and the presence of DNA strands in gel network imparts
the material unique biological properties. As a proof of concept, its optical properties have
been shown to assist in monitoring drug delivery as illustrated in the recovery of
fluorescence upon release of drugs (Tang et al. 2009). Further application of this system
awaits the investigation on whether DNA will be shielded from enzymatic digestion under
physiological conditions or diffuse out of gel network (Tang et al. 2009).

Besides physical crosslinking, DNA backbone can also be chemically crosslinked. Topuz and
Okay (Topuz & Okay 2008) used ethylene glycol diglycidyl ether (EGDE) for this purpose
(Figure 3B), since epoxide group of EGDE can react with amino group in the bases of two
DNA strands, although the two bases can also be from the single strand. They discovered
novel thermal properties. At low crosslinking density, dynamic moduli are altered in a non-
reversible way when gels are subjected to heating and cooling, and this leads to a hydrogel
with Young’'s modulus in the mega-Pascal (MPa) range. The increased physical
entanglement upon heating and hydrogen bond formation at cooling were identified as the
cause, although it is not clear whether controlling the kinetics of the DNA re-annealing
could affect the process. Horkay and Basser examined the effect of ion strength and
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concentration on osmotic and mechanical properties of these DNA gels (Horkay & Basser
2004). DNA gel particles based on interactions between DNA and CTAB, a cationic
surfactant, or lysozyme were developed by Moran and colleagues. In this physical gel, the
electrostatic forces help stabilize the gel network (Moran et al. 2007).

3.1.3 DNA as crosslinker

DNA has long been used to provide bases for assembling microscopic structures into
macroscopic objects by functioning as crosslinkers, and to give bulk materials added
functionality (Lin et al. 2004b, Nagahara & Matsuda 1996, Neher & Gerland 2005). For
instance, Mirkin and colleagues reported a method to organize colloidal gold nanoparticles
and form aggregates (Mirkin et al. 1996) based on DNA crosslinking. The motivation in
using DNA as linking reagents rather than the main building blocks or polymer backbone
lies partly on the fact that in those cases large quantities of synthetic DNA are currently
prohibitively expensive (Jiang et al. 2008a, Lin et al. 2004a, Mangalam et al. 2009), and that it
is challenging to characterize these structures(Storhoff & Mirkin 1999).

By using DNA hybridization instead of covalent bonding to form crosslinks between
polymer strands, hydrogel polymers have been given a temperature-dependent rigidity and
thermal reversibility in crosslinking and gelation(Lin et al. 2004b, Nagahara & Matsuda
1996), and a number of new possibilities including in situ property change (Jiang et al.
2010c). In an early work (Nagahara & Matsuda 1996), poly(N,N-dimethylacrylamide-co-N-
acryloxyloxysuccinimide) was reacted with 5-amino-modified 10-mer oligonucleotides
(oligoA or oligoT) to form polymer chains with short DNA side branches (Figure 4). Two
different crosslinked structures (Figure 4A) were produced: in one of them oligoA branches
from one solution of polymer chains hybridized with oligoT branches from the second
solution, and in the other of them two oligoT branches hybridized with a third 20-mer
OligoA strand. Gelation of the polymers as well as thermo-reversibility of crosslinking at
elevated temperatures was demonstrated.

While the simple sequences used in (Nagahara & Matsuda 1996) preclude the formation of
secondary structures (e.g., the hairpin structure), the possibility of off-alignment binding
between two complementary sequences is high. Although perfect alignment of oligoA and
oligoT strands is energetically favorable, misalignment by only a few bases may occur with
little penalty. Such misalignments may result in mechanically weakened, kinked crosslinks.
The probability of off-alignment binding between complementary DNA strands can be
reduced by designing base sequences. Towards this end, by incorporating Acrydite™
modified oligonucleotides in PAM gels, Lin and colleagues (Lin et al. 2004b) illustrated and
characterized reversible gelation and achieved a range of stiffness from a few hundred Pa to
10 kPa by varying crosslinker DNA density. They showed that sequence optimization is an
effective method of enhancing the stability of DNA crosslinks (Figure 4B). In these gels,
Acrydite™ modified oligonucleotides co-polymerize with acrylamide monomers to form
polymer long chains with DNA side chains of specific length and sequence designated as
SA1 and SA2. ‘Crosslinker” oligonucleotides (L2) with a ‘toehold” assume the functions of a
crosslinker by hybridizing with SA1 and SA2 at the same time. By carefully designing
another single-stranded DNA (ssDNA), also called “removal” DNA that is complementary
to L2, one is able to reverse crosslinking process (Figure 5C). With this gel system, the pore
structure upon reversible crosslinking was explored, giving rise to the potential application
for controlled drug delivery (Liedl et al. 2007).
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Fig. 4. Design of DNA crosslinked hydrogel. (A) The two DN A-crosslinked structures by
Nagahara and Matsuda (Nagahara & Matsuda 1996). Oligonucleotides and their sequences
are represented by the boxes and oligonucleotides-polymer connections by the dots.
Extracted from (Nagahara & Matsuda 1996), with publisher’s permission. (B) The design by
Lin et al. (Lin et al. 2004b). SA1, SA2, and L2 represent DNA side chains and a crosslinker
complementary to both DNA side chains. A toehold can be added for reversibility.
Extracted from (Lin et al. 2006), with publisher’s permission.

Replacing the covalently bound bis-crosslinks with paired DNA strands results in a gel
possessing a number of potentially useful properties, such as thermal reversibility with a
tunable melting temperature, reversibility of gelation without heating and without the need
of initiator-catalyst system for re-gelation(Lin 2005, Lin et al. 2004b). More interestingly, by
modifying the DNA crosslinking (i.e., oligonucleotide length or concentration), the
mechanical properties of the gels can be engineered to take on particular values. Specifically,
via delivery of more crosslinks, the DNA association/dissociation ratio could increase,
resulting in a stiffened gel; in contrast, gels could be softened by lowering the crosslink
density with removal DNA strands (designated as CL2, Figure 5C) that are complementary
to L2. CL2 strands competitively base-pair with L2 strands and remove them from the gel
network. The ease with which the mechanical properties of DNA crosslinked gels can be
changed suggests that they would be useful in tissue engineering applications. This has
generated interests in using DNA as crosslinking agent for various applications
(Alemdaroglu & Herrmann 2007, Liedl et al. 2007, Murakami & Maeda 2005, Roberts et al.
2007, Wei et al. 2008, Yang et al. 2008). In addition, DNA has also been reported to crosslink
organic network such as cellulose (Mangalam et al. 2009).

www.intechopen.com



Development of DNA Based Active Macro-Materials for Biology and Medicine: A Review 45

B.

‘a? (b)
Strand A

ol}mcr Cham

sn:ul B

P LikerAdap

Adlenosine ~

s ], o v ] B Ohned, S i, i i ]

L T T D TR A S T

(d)

e T T T R A

Tochold )'_é ¢> Tochold 3' SAlS) 312 E> :
<] ETE?S ----llf, 3 775 g 3 ’
é I; é NH,

‘
-

-

B

NH = NH
QO - o
y n
1 e s

CL2
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crosslinks the hydrogel and upon delivery of adenosine which competitively binds to the
crosslinker DNA, resulting in the reverse of gelation (a) as demonstrated in the transition
from solution (b) to gel (c) and then back to solution (d). Extracted from (Yang et al. 2008)

with publisher’s permission. (B) DNA hydrogel capable of capturing and releasing
thrombin based on thrombin-aptamer interactions. The end structure of DNA side chain A

has high affinity to thrombin to form thrombin-aptamer complex (Ba), which can be capture
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via DNA hybridization (Bb). Upon delivery of the ssDNA complementary to strand A,
thrombin is released. Extracted from (Wei et al. 2008) with publisher’s permission. (C) For a
DNA crosslinked hydrogel (Jiang et al. 2010b), delivery of the ‘removal’ DNA strand
complementary to the crosslinker DNA leads to de-crosslinking.

Dynamic materials can be used to manipulate cell behavior. In studies performed by
Langrana and colleagues, DNA-crosslinked hydrogels (DNA hydrogels) were used as the
underlying substrate to study the effects of dynamic mechanical cues on fibroblast behavior
(Jiang et al. 2010c, Previtera et al. 2011). The DNA hydrogels have the ability to temporally
change stiffness (Jiang et al. 2008a, Jiang et al. 2010c, Lin 2005, Lin et al. 2004a, Lin et al. 2005,
Previtera et al. 2011). Upon a decrease or increase in DNA hydrogel stiffness, expansion or
contraction forces are generated, respectively. The two properties cannot be decoupled (data
unpublished). When grown on these dynamic hydrogels, fibroblast morphology is
noticeably different compared to static hydrogels, which do not change in stiffness and thus
do not generate forces (Jiang et al. 2010c, Previtera et al. 2011). GFP fibroblast became larger
and more circular, compared to static conditions, when grown on DNA hydrogels that
became softer and expanded (Previtera et al. 2011). Therefore, as the underlying substrate
expands and softens, the GFP fibroblasts expand and become rounder morphology. This is
in contrast to GFP fibroblast grown on dynamic hydrogels with increasing stiffness and
contraction forces (Jiang et al. 2010c). These GFP fibroblasts became smaller and/or longer
when compared to static hydrogels. However, these results depended on magnitude of
hydrogel stiffness change (Jiang et al. 2010c).

3.2 Potential application of DNA based macro-materials
Three main areas of application are being explored by using these DNA based
macromaterials (Table 1).

3.2.1 Biosensor| Actuator| Bioelectronics

Hydrogels synthesized from DNA nanostructures hold promises as biosensor (Cheng et al.
2009, Lin et al. 2004b), Simmel and Yurke designed a DNA-based actuator capable of
switching between two physical states, which can potentially be used as motor to drive the
nano-robot (Figure 1) (Simmel & Yurke 2001). This approach, together with others
(Knoblauch & Peters 2004), can be adopted in hydrogel formation, giving rise to novel
materials with changing properties upon ‘fuel strand” delivery. Besides the potential uses of
DNA based macromaterials in sensors and actuators, DNA’s electronic properties and
molecular recognition, feasibility of DNA manipulation at nano-scale, and the trend of
miniaturization are driving the synergy between DNA and electronics. Braun and Keren
(Braun & Keren 2004) put forth a scheme of constructing DNA based transistors, in which
DNA is metallized and serves as a template for electronic circuit, which exemplifies DNA’s
impressive capability of information storage and molecular recognition mechanism.
Incorporation of grafted oligonucleotides also leads to novel materials with high optical
resolution, and can be potentially used in biosensing (Tierney & Stokke 2009) (Figure 6A).

3.2.2 Drug delivery vehicle

In response to various environmental factors, DNA may alter its secondary and tertiary
structures, resulting in alterations in the bulk materials that are built upon them. Aiming at
drug delivery application for cancer therapy, a great deal of effort has been made in
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changes in the optical length for biosensing applications. Extracted from (Tierney & Stokke
2009). (B) DNA-only hydrogels based on branched Y-shaped DNA unit. Black i motif with
cytosine-rich regions crosslinks adjacent Y units (B1). The DNA gel prepared from this
design exhibited responsiveness to pH, in low pH where gold naoparticle (AuNP) was
trapped in the gel (a) and at high pH gel dissociation leading to AuNP release (b) Extracted
from (Cheng et al. 2009). (C) Neurite outgrowth on a DNA crosslinked hydrogel. Overlay of
higher power images of MAP2 and Tau-1 stain reveals that axons and dendrites could reside
closely in parallel with each other (C1). Red: Tau-1 immunostaining;

immunostaining; Blue: GFAP immunostaining; Purple: DAPI staining. Scale bar is 50 [Im.
Comparison of neurite outgrowth, including mean primary dendrite length, primary
dendrite number, and axonal length per neuron, on DNA gels of two designs. Extracted
from (Jiang et al. 2008b). All images with publisher’s permission.

designing responsive DNA gels. Among all the cues is pH due to the fact that certain cancer
types are associated with local acidity (Gerweck & Seetharaman 1996). DNA motifs sensitive
to changes in H+ concentration has been incorporated in the DNA based hydrogel to realize
pH responsiveness. A DNA hydrogel in which gel-‘drug’ interactions are pH dependent
was also proposed (Tang et al. 2009) (Figure 6B) along with others gels (Roberts et al. 2007)
(Table 2). In this design, the electrostatic interactions that retain drugs in the gel network
can be reduced resulting in subsequent drug release (Tang et al. 2009). Besides pH,
temperature may be another environmental trigger for drug release, particularly for those
diseases with local temperature change (e.g., (Hildebrandt-Eriksen et al. 2002, Letchworth &
Carmichael 1984)). Thermal responsiveness of the DNA hydrogel has been designed based
on the temperature-dependent hybridization, sol-gel transition or physical properties (Costa
et al. 2007, Lin et al. 2004b, Topuz & Okay 2008). Ion strength or concentration has also been
explored to initiate drug release using DNA based macromaterials (Costa et al. 2006.,
Horkay & Basser 2004).

These hydrogels responsive to environmental factors hold promises in facilitating targeted
delivery of therapeutic reagents, while their application has inherent limitation. First, their
application is limited to where such environmental alterations exist; and second, their
controllability is limited due to undesired environmental changes that may occur; third,
their applicability is limited when temporal control in delivery is desired. Looking to
expand the scope of application, some investigators attempted to develop dynamic DNA gel
system without the need of environmental factors. DNA strand per se is naturally an ideal
candidate. Lin and colleagues demonstrated possibility of triggering de-gelation by
delivering ssDNA (Lin et al. 2006), and a similar scheme was adopted by Wei et al.. in
designing a DNA gel capable of releasing proteins based on aptamer-thrombin interactions
(Wei et al. 2008). Aiming at the same application relying on DNA aptamer-protein
interactions, a latest study explored a hydrogel system capable of sustained protein release
(Soontornworajit et al.). Diffusion profile and relationship between cargo size and pore size
of this system were studied, and it was found that the nano-scale particles can be trapped
even their size is smaller than the average pore size of the hydrogel network (Liedl et al.
2007). In addition to DNA strands, by using the similar system, adenosine has also been
shown as the trigger for changes based on its interactions with aptamers (Yang et al. 2008).
A recent work reported the enzyme triggered release of DNA in a polymer network with
grafted DNA duplex (Venkatesh et al. 2009). This system is based on the conventional
crosslinking but contains Acrydite modified DNA recognized by specific enzymes.
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Additionally, DNA gels have been shown to be an ideal candidate for cell capsulation (Um
et al. 2006b), potentially, serving as in vivo protein factory for protein synthesis and delivery
(Park et al. 2009). Examples of the studies using DNA-only, DNA-as-backbone, and DNA
crosslinked macromaterials on potential drug or gene delivery applications and the kinetics
of release are in Figure 7.
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Fig. 7. Kinetics in the release of therapeutic agent using DNA based macromaterials. (A)
Release of insulin (solid line) and CPT (camptothecin, dotted line) from a DNA-only gel.
From top down, the lines indicate Y-, T-, X-, and T- DNA gels. Extracted from (Um et al.
2006b). (B) Release of gold nanoparticles from an aptamer-crosslinked hydrogel at
interaction with cocaine. Extracted from (Zhu et al. 2010). (C) Release of antihypertensive
nicardipine hydrochloride containing one nitro group from a physical DNA gel based on
DNA and SP-PPV interactions. Extracted from (Tang et al. 2009) with publisher’s permission
(D) Cumulative release of DNA from a EGDE crosslinked DNA (as backbone) gel with
various crosslinking density under sunlight. Extracted from (Costa et al. 2010). All images
with publisher’s permission.

3.2.3 Biomaterials/Tissue engineering

As mentioned in the previous discussion, hydrogel materials has been gaining increasing
popularity due to its hydrated state mimicking natural tissues (Janmey et al. 2009, Nemir &
West 2009, Uibo et al. 2009). Following this direction, one line of interest in applying DNA
based macro-materials is to study cell-ECM interactions, an analog of tissue-biomaterials
interplay. A DNA only gel system has been proved to possess cyto-biocompatibility by
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encapsulating CHO cells (Um et al. 2006b). Replacing the traditional bis-acrylamide
crosslinker in a popular bis-gel system (Wang & Pelham 1998), DNA crosslinker of 20-50 nt
long was used for the study of the effect of substrate stiffness on neurite outgrowth (Jiang et
al. 2008b) (Figure 6C). In this system, difference in rigidity was created by varying length of
the crosslinker, crosslinking density, or monomer concentration, among which crosslinking
density can be modified via DNA strand delivery in situ. The potential of using these DNA
crosslinked gels in tissue engineering application is promising (Chan & Mooney 2008,
Ghosh & Ingber 2007).

The added advantages by using DNA based macromaterials were further demonstrated
recently in subjecting cells to dynamic stiffness of the substrates (Jiang et al. 2010b, Jiang et
al. 2010c). These studies were motivated by the fact that the micro-environment that cells
reside in within natural tissues is dynamic and undergoes constant synthesis and
degradation in both normal and pathological conditions (Lahann & Langer 2005, Mrksich
2005). Moreover, aging, development, external assault, and pathological processes can also
lead to the alternations in the extracellular matrix (ECM) (Georges et al. 2007, Ingber 2002,
Silver et al. 2003). In addition, at the tissue-implant interface, cells can actively modify
surface of the implants, altering the stiffness of microenvironment of their own or other cells
(Marquez et al. 2006). The changing stiffness could potentially make it possible to achieve
optimal growth of a specific cell property (Jiang et al. 2008b) or direct stem cell
differentiation (Engler et al. 2006) at different time points. These facts make it very desirable
for the biomemetic materials to have the capability of undergoing controlled remodeling
with respect to time. Previously, a limited number of attempts have yielded exciting
findings (Chen et al. 2005, Lahann & Langer 2005, Mrksich 2005), in which dynamic changes
were induced largely through application of environmental factors (e.g., temperature, pH,
and electric field). However, the utility of these approaches in clinical setting could be
problematic. With the unique hydrogen bond based crosslinking, DNA based and
crosslinked materials, therefore, demonstrate time-dependent properties as reflected in
swelling and mechanical modulus, and offer a feasible way of dynamically altering the
macro-scale structure mimicking the in vivo conditions (Figure 8). Indeed, the initial results
have indicated that encapsulated cells are viable in a DNA-only hydrogel, and in a DNA
crosslinked hydrogel both mechano-sensitive cell types (e.g., fibroblast) (Figure 9) and
neuron whose mechano-responses are being appreciated just recently respond to the
changing stiffnesses, and the responses are specific to range and rate of changes and cell
type (Jiang et al. 2010a, Jiang et al. 2010c). A summary of DNA based macromaterials with
dynamic and responsive properties is presented in Table 2.

4. Design considerations in DNA based macro-materials

Different than other materials, DNA based macro-materials necessitate some unique
considerations due to involvement of DNA nano-materials.

4.1 Stability

As pointed out in the last section, DNA strand can respond to a variety of environmental
factors such as temperature, pH, and ion concentration and non-environmental factors such
as exogenous DNA or enzyme. While it allows design of smart responsive materials, it also
poses difficulties in maintaining the integrity of structures. Divalent or multi-valent cations
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Fig. 8. Time history studies of DNA based macromaterials. (A) Swelling/Deswelling profile
of a DNA-only hydrogel fiber. Swelling last till 25 min time point when different groove-
binding molecules were introduced. Extracted from (Lee et al. 2008). (B) Time history plots
of the elastic modulus and swelling ratio of a DNA crosslinked hydrogel. Both quantities
were first measured throughout the control phase during which no DNA strands were
added, first under the influence of electrophoretic power and then without it. Fuel strands
were migrated into the gel during the stiffening phase and removal strands were introduced
during the de-stiffening phase. Extracted from (Lin et al. 2006). (C) Changes in elastic
modulus G’ and temperature of DNA (as backbone) gel with time at different DNA content.
Extracted from (Orakdogen et al. 2010). All images with publisher’s permission.

such as magnesium have been shown critical in both dsDNA stability and re-annealing.
Thus using ion-containing buffer would be a better choice than deionized water in
maintaining gel structure and integrity. Interestingly, the gel collapse has been observed for
a EDGA crosslinked DNA gel system, where the form of dsDNA or ssDNA, DNA content,
and co-solutes in the medium contribute to the kinetics (Costa et al. 2007). The thermal
stability has been investigated in a number of studies. For a DNA only gel system, gels
based on ssDNA were less stable than those made from dsDNA perhaps due to the
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synergistic effect of multiple strands, possibly due to distinct linear charge density, strand
flexibility and hydrophobicity (Costa et al. 2007). DNA crosslinked polymeric hydrogel
exhibited thermal reversibility and sol-gel transition, which is correlated to the thermal
stability of the DNA base-pairing. As a result, in these gels DNA sequence has to be
designed for desired melting temperature (Tm) by adjusting length of the strand, GC
content, and/or thermal dynamics(Cheng et al. 2009, Lin et al. 2004a). It is noted that the
critical temperature for the DNA based bulk material may be different from that of the
involved DNA strands (Sun et al. 2005, Topuz & Okay 2008).
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Fig. 9. Study of cellular behavior using DNA based macromaterials. (A) CHO cells in a
DNA-only gel. Stained CHO cell encapsulated inside the gel (A1) and the majority of the
cells were viable (A2). Extracted from (Um et al. 2006b) with publisher’s permission. (B)
L.929 fibroblasts growth on dynamic substrates based on a DNA crosslinked hydrogel.
(Upper panel) Typical morphology of L929 fibroblasts grown on DNA crosslinked
hydrogels at Day 4, two days following DNA delivery. Scale bar is 100 mm. (Lower panel)
Projection area and aspect ratio of L.929 fibroblasts on DNA crosslinked hydrogels on Day 4.
Extracted from (Jiang et al. 2010c) with publisher’s permission.

Gels consisting of physically entangled DNA strands display resistance to DNase digestion
(Lee et al. 2008). The hybrid between DNA strands and other polymer (such as SP-PPV
(Tang et al. 2009)) also possess resistance to enzyme or heat. Thus, physical interactions
between DNA strands and composite between DNA and other polymer may provide shield
against enzymatic action.
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4.2 Sequence design

Different to the majority of the materials based on DNA as backbones and some DNA-only
gels where natural DNA (e.g., from salmon) was used, DNA crosslinked materials and DNA-
only gels with designed DNA building blocks carry synthetic DNA. The sequence can be
designed allowing added features. As we have discussed in the properties of DNA, the
primary structure, i.e., the sequence or the order of nucleotides, of DNA primarily determines
its secondary and tertiary structures, thus it is of significance to design sequence which gives
the desired bulk material properties. Meanwhile, although two complementary DNA strands
achieve their minimum energy state when they hybridize in the perfectly aligned
configuration, DNA hybridization does not occur without error (Deaton et al. 1998). In
addition, undesired interactions can occur between two strands as well as within a single
strand. Such interactions typically involve the binding of complementary regions comprising
only a small number of base pairs and include the formation of secondary structures such as
the hairpin loop. In designing DNA sequences, it is desirable to decrease the number of
possible mismatched hybridizations in order to maximize the efficiency of hybridization.
Design of a pair of equal-length sequences is essentially an optimization problem with the
minimization of undesirable (e.g., off-alignment) interactions as the objective function. For
instance, in the work by Lin et al. (Lin et al. 2004b), DNA sequence was generated by
incorporating into the algorithm the following considerations: minimization of undesired
interactions among strands and potential secondary structures, thermodynamic stability of the
hybridized sequence pairs (e.g., GC content, terminal sequences, and hairpin structures (Lin et
al. 2004b, SantaLucia & Hicks 2004)), and initiation of branch migration (e.g., length of sticky
ends) (Deaton et al. 1998, Felsenfeld & Miles 2003). C-rich domain can be incorporated where it
is desirable to have pH responsiveness (Cheng et al. 2009). It is noted, however, that due to the
limitation on the current technology, and synthetic single-stranded DNA can have length up
to 100 nt. The biological applications of these DNA crosslinked structures require additional
caution. Examples include the ending sequence of the DNA strands, and the melting
temperature needed to maintain the integrity of the DNA base structures.

4.3 Interaction between DNA and other entities

In the application of DNA based macro-materials for biology and medicine, DNA may
potentially interact with an array of biologic entities such as protein, small molecules, other
biopolymers, and endogenous DNA. The potential immunogenicity is also of concern. For
dynamic DNA based macro-materials, the interactions between stimuli and DNA are also of
interest. As an example, under physiological ion concentration, it was found that exchange
between mono-(e.g., Na+) and bi-(e.g., Ca2+)valent cations affects volume, osmotic, and
mechanical properties of a DNA gel consisting of DNA strands of ~2,000 bp. To avoid the
unwanted biological effect, such as delivery DNA serving as anti-sense DNA, in the design
of crosslinker DNA sequence, candidate sequences were screened by using a basic local
alignment search tool (BLAST) algorithm which checks against the sequence in the genome
of a specific specie and tissue type. To the same gel system, interactions between DNA
aptamer and adenosine was explored as a way to initiate de-gelation (Yang et al. 2008), thus
care needs to be exerted where such interactions are to be minimized in the presence of
natural adenosine. Additionally, DNA strands can react with proteins and lipids (Liu et al.
2007). For example, DNA strands were reported to affect fibril formation of collagen matrix,
and cation lipids (Liu et al. 2007). DNA-antibody interactions is another potential
consideration in the design of DNA based macromaterials (Di Pietro et al. 2003). Of
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particular concern in the drug delivery applications are the drug-DNA interactions (Chaires
& Waring 2001, Lu & Liu 2007).

4.4 Application of stimuli

Introduction of stimuli such as pH, ion concentration, or temperature may appear straight-
forward, while it is potentially a concern for the delivery of large molecule such as ssDNA
strands as cues. The kinetics and efficiency of delivery may be determined by the pore size
of the structures, biochemical conditions, and interactions between DNA and other entities
(e.g., soluble factors, inorganic compounds,) in the local microenvironment. To this end,
more effective and delivery of ssDNA may be required in the clinical application. The
thermal responses of the certain DNA gels merit attention due to the complexity in the
changes of the material properties observed. For example, the alterations in materials
properties induced by DNA denaturation and physical entanglement of resulting ssDNA
may not be apparent (Topuz & Okay 2008).

4.5 Crosslinker parameters

In DNA as backbone gel system with EGDE as crosslinker, better stability but low dynamic
moduli have been correlated to higher crosslinker content (Topuz & Okay 2008). Common
design parameter for DNA based macro-material using synthetic DNA as crosslinker include
DNA length and concentration and relative ratio of DNA and other components in the
composite. Increased DNA concentration, or crosslinking density, causes materials to reach
sol-gel transition and elevated mechanical stiffness beyond critical crosslinking density (Lin et
al. 2004b). DNA length may be another design parameter, although its effect on bulk material
properties was not noticeable when the length is in the 10 to 20 nt range (Jiang et al. 2008b).
Lastly but not the least, one of the major hurdles of research and development of DNA
based active materials using synthetic DNA is the relative high cost and limited availability
of the synthetic forms of DNA (Jiang et al. 2008b, Lin et al. 2004b, Mangalam et al. 2009).
Thus, this field of research awaits the development from other areas including synthetic
chemistry and molecular biology to address this issue, and the trend has been towards the
positive direction (Carlson 2009).

5. Outlook and potential directions

The progress outlined above has laid a solid foundation for the further development of the
DNA based macro-material and for the further application of these materials in biology and
medicine.

5.1 Inspiration from DNA nano-materials

The rapid development of DNA based nano-materials offers vast pool of ideas and hints,
based on which novel macro-materials can be designed. For instance, from an ion-
concentration based DNA-actuator (Fahlman et al. 2003), one could device a macromaterial
based on formation of intermolecular guanine quartets. Another example is that DNA
sliding, if tailored through the choice of base sequence in a periodic manner, may be useful
in imparting unique properties to the resulting materials (Neher & Gerland 2005). Moreover,
new stimuli for DNA nanostructures can be used for macromaterials. For instance, some
DNA strands have been shown to interact with biometals (Goritz & Kramer 2005), thus the
macromaterials constructed based on these DNA strands may have novel properties at the
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presence of physiological conditions. Other stimuli including light (Ogura et al. 2009),
antibodies (Wiegel et al. 1987), proteins (Xie et al. 2007) and micelle (Ding et al. 2007) used in
nanotechonlogy could be explored as the trigger for dynamic DNA based macro-materials.
Along this line, DNA interstrand crosslinking from radical precursor independent of O2
(Greenberg 2005) may be of interest.

5.2 Refinement of the current designs

For DNA only system, multiple designs of the DNA building blocks can be incorporated for
graded (with respect to time or location) control of the material properties. By combining
physical and chemical crosslinking, gels with DNA backbones may achieve properties not
seen in either system. Refinement of the DNA crosslinked hydrogel includes multi-step
control by introducing multiple DNA crosslinker in a single system allowing multiple-step
in increasing or decreasing crosslinking density. It also includes adding responsiveness to
multiple cues by inclusion of DNA crosslinkers that are sensitive to stimuli including pH,
temperature, and exogenous DNA strands. Responsiveness of these materials to different
stimuli may be combined for the benefits of versatility and wider range of applications and
control.

5.3 Force generation

It is possible to induce volume change of DNA based macromaterials as a way of generating
forces in all three categories of DNA gel system (i.e., DNA-only, DNA as backbone, and
DNA as crosslinker) (e.g., (Amiya & Tanaka 1987, Horkay & Basser 2004, Jiang et al. 2010c,
Um et al. 2006b)) if the materials are implanted at injury site (e.g., spinal cord injury). This
has been implicated to be useful in a myriad of applications including ‘towed” (stretched)
axonal regeneration (Bray 1984) in neural tissue engineering.

5.4 Dynamic porous scaffold

The porosity of the DNA-only gel system may be adjusted with DNA content and design for
specific applications such as drug delivery or tissue engineering. For the DNA crosslinked
macromaterials, the porosity and pore structure can be altered with the choice of
crosslinking density, monomer concentration and monomer nature. For example, in
constructing Acrydite-DNA crosslinked polymers (Jiang et al. 2008b, Lin et al. 2004b), the
reactive end of the Acrydite-modified oligonucleotides contains vinyl group, thus besides
polyacrylamide,  poly-hydroxyethyl = methacrylate (pHEMA), poly-hydroxy-propyl-
methacrylamide(pHPMA), polymethyl methacrylate (p)MMA), and copolymers (e.g. pHEMA-
co-MMA and pHEMA-co-AEMA) are also candidates for DNA crosslinking (Table 3). These
polymers are among the most studied non-biodegradable polymers for tissue engineering
applications, including spinal cord injury research (Duconseille et al. 1998, Flynn et al. 2003,
Lesny et al. 2002, Novikova et al. 2003) owing in part to their inhere biocompatibility (Ratner
& Bryant 2004) and suitable pore size and porosity They have been engineered to carry
neuro-trophic factors and present communicating porous structures (e.g., (Bakshi et al.
2004)), and to facilitate necrosis reduction, vasculature formation and axonal outgrowth
across the graft-tissue interface (Dalton et al. 2002, Lesny et al. 2002, Yu & Shoichet 2005).

5.5 Controlled delivery
Previous work indicates that biomaterials based scaffold can provide enhanced gene
delivery efficiency (De Laporte & Shea 2007). In the DNA crosslinked gel network,
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possibilities exist that by designing DNA sequence specific for an enzymatic action, the gel
work can facilitate controlled release of the therapeutic reagent that is trapped in the gels
(Figure 9). Venkatesh et al. illustrated that such enzymatic mechanism can be used for the
delivery of DNA, though the release is not based on the change in the macro-material, but
rather the by-product of restriction enzyme action (Venkatesh et al. 2009). Pore size and
porosity of the gel network ought to design to facilitate such aim (Liedl et al. 2007).

5.6 DNA base-pairing

Although DNA'’s capability of binding complementary strands with high affinity is
remarkable, it is not with limitations, as manifested in the errors in base-pairing and the
hybridization kinetics (Condon 2006). While Nature has come up with elegant and complex
machinery for error checking and correction in organisms, it remains a challenge in the
synthetic DNA and it is much desirable to have such capability as well in the synthesis of
DNA based active materials (Aldaye et al. 2008).

5.7 DNA modifications

It is promising to use DNA based materials as carrier for various protein-based therapeutics.
For instance, biotin-labeled DNA (Kuzuya et al. 2009) can be incorporated in the gel
network to attach streptavidin offering a means for protein separation, purification and
potentially delivery. In this design, the 5" end of the strands of DNA is biotinylated with a
biotin-triethyleneglycol (TEG) residual. The effect of the environmental conditions and other
factors on the biotin-streptavidin interactions could potentially be implemented as releasing
mechanism. Realization of these promises hinges on the deep understanding of the DNA
structure and properties and the interactions between DNA and others entities.

6. Concluding remark

Using DNA as a structural component has extended its functionality and significance
from its critical biological roles, and has yielded DNA based macromaterials with DNA
only, using DNA as backbone, and crosslinked by DNA. These DNA based
macromaterials have benefited a great deal from the unique properties possessed by this
molecule, and gained added functionalities and features such as thermal reversibility, sol-
gel transition dependent on crosslinking density, and tunable mechanical stiffness.
Currently, the application of these materials to the areas of bio-sensor/actuator,
bioelectronics, drug delivery, and bioscaffold and tissue engineering is under
investigation. There are a number of design considerations and parameters that are
important to the success of applying these materials, which include stability, DNA
sequence design, interactions between DNA and other molecules, and application of the
stimuli in the materials. A wide range of applications await further development of these
materials, particularly in the area of biology and medicine.
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*Note: bp: base-pair for double-stranded DNA; nt: nucleotide for single-stranded DNA

Table 1. Summary of DNA based hydrogel materials.
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Note: AuNP: Gold nano-particle; ssDNA: single-stranded DNA. PAGE: polyacrylamide gel

electrophoresis. SEM: scanning electron microscopy. TBD: To be determined

Table 2. Summary of DNA base materials with dynamic and responsive properties.
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DNA X-linked polymer Gel preparation Chemical structure Notes
pPHEMA, Crosslink: L2 (replacing EGDMA) 1 1 Pore size:
— N A= _7'}7\(.7 —_ |10 pm to 20 um
poly-(hydroxyethyl methacrylate) [HEMA (Aldrich, St. Louis, MO) o :-': ”1{' '
(Bakshi et al. 2004, Carone & (20%-60%) " B
Hasenwinkel 2006, Flynn et al. 2003) A
Initiator-catalyst (APS-TEMED) =T
I \\\ = "./
pHPMA, Crosslink: L2 (replacing DMHA) [ Pore size:
—hy }:, ~ |10 pm to 50 pm
poly-(hydroxypropyl- HPMA monomer " | o=
methacrylamide) (Duconseille et al. < L
1998, St'astny et al. 2002) Initiator (AIBN) > 3
i ;
T P,

Table 3. DNA crosslinked vinyl polymers such as pHEMA and pHPMA.

8. Abbreviation

dsDNA: double-stranded DNA; ssDNA: single-stranded DNA; ECM: extracellular matrix;
bp: basepair; nt: nucleotide.
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